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Precise measurements of the thermodynamic critical field (Bc) in type-I noncentrosymmetric
superconductor BeAu were performed by means of the muon-spin rotation/relaxation technique.
The temperature evolution of Bc can not be described within the single gap scenario and it requires
the presence of at least two different types of the superconducting order parameters. The self-
consistent two-gap approach, adapted for analysis of Bc(T ) behavior, suggests the presence of two
superconducing energy gaps with the gap to Tc ratios 2∆/kBTc ' 4.52 and ' 2.37 for the big and
the small gap, respectively. This implies that the superconductivity in BeAu is unconventional and
that the supercarrier pairing occurs at various energy bands.
BeAu is an old known superconductor with the transi-
tion temperature Tc ' 3.2 K. Superconductivity in BeAu
was originally discovered by Matthias in 1959,1 i.e. just
in two years after the formulation of the BCS theory.2
In this short report, Matthias was noted the absence of
a superconductivity in a pure Be and Au (Be was later
found to have Tc ' 26 mK, Ref. 3) and performed a
search within the gold-rich site of the Be-Au phase dia-
gram. The superconductivity was found to appear in a
stoichiometric (i.e. 1:1 Be to Au ratio) BeAu sample.1
Recently, the interest to BeAu was renewed.4–8
This mostly relates to the realisation of their non-
centrosymmetric crystal structure, which was expected
to give rise to unconventional superconductivity due to
spin-orbit coupling and/or mixed singlet/triplet pairing
state (see e.g. Refs. 9–16 and references therein). In
addition, the B20 FeSi-type of the crystal structure of
BeAu becomes particualry interesting since such mate-
rials were predicted to host chiral fermions in topologi-
cal semimetals.17–19 Moreover, B20 structure is the only
known crystal structure for bulk magnetic skyrmions
in materials such as MnSi, Fe1−xCoxSi, FeGe, MnGe,
Cu2OSeO3 etc.
20–24 All these make BeAu an intrigu-
ing candidate material to search for unconventional su-
perconductivity, associated with its noncentrosymmetric
crystal structure in combination with the possible exis-
tence of exotic quasiparticles.
The previously published papers agreed that BeAu is
characterised by an isotropic superconducting energy gap
and, predominantly, by an s−wave spin-singlet pairing
in the weak coupling regime.4–8 There is, however, dis-
agreement on the type of superconductivity. An intensive
characterization of BeAu by means of the specific heat,
dc-magnetization, ac-susceptibility, and resistivity, per-
formed by Rebar et al.4,6 reveal a crossover from type-
I to type-II superconductivity at approximately 1.2 K,
thus putting BeAu to the class of the so-called type-
1.5 or type-II/I superconductors.25,26 On the other hand,
purely type-I behaviour was reported by Singh et al.7 and
Beare et al.8 based on the results of dc-magnetization,
specific heat and muon-spin rotation/relaxation experi-
ments. In addition, the results of De Haas - van Alphen
experiments combined with the Density Functional the-
ory (DFT) band structure calculations reveal the pres-
ence of multiple (at least three) conductive bands cross-
ing the Fermi level.4,6 Consequently, if superconductiv-
ity in BeAu sets in different energy bands, effects of a
multiple-band structure are expected to influence the su-
percarrier formation. This is, e.g., the case for the fa-
mous two-gap superconductor MgB2, the broad variety of
Fe-based and cuprate high-temperature superconductors
etc. (see e.g. Refs. 27–42 and references therein). Note
however, that until now the multiple-band features were
not detected on the measured thermodynamical quan-
tities and the superconductivity of BeAu was treated
within the single-band approach.4–8
In this paper we report on the results of the precise
measurements of the thermodynamical critical field Bc
of BeAu by means of the muon-spin rotation/relaxation
(µSR) technique. The analysis of Bc(T ) within the self-
consistent two-gap approach reveals the presence of two
superconducing energy gaps with the ratio 2∆1/kBTc '
4.52 and 2∆2/kBTc ' 2.37 for the big (∆1) and the
small (∆2) gap, respectively. Our results imply that the
multiple-band superconductivity can also be realized in
type-I superconducting materials, in analogy with that
reported in Refs. 43,44.
The polycrystalline BeAu samples were the same as
used by Beare et al. in Ref. 8. The muon-spin ro-
tation/relaxation measurements were performed at the
piE1 beamline by using Dolly spectrometer (Paul Scher-
rer Institute, PSI Villigen, Switzerland). The 4He cryo-
stat equipped with the 3He inset was used. Samples
were sandwiched between two pieces of a thin copper foil
(' 10 µm each), which are transparent to positive surface
muons used in our studies. The foil/sample assembly was
screwed to the frame-shaped sample holder and attached,
via ' 1 cm in diameter thick copper rod, to the bottom
part of the 3He inset. Such construction allows, on the
one side, to ensure on a good thermal contact between the
sample and the 3He pot and, on the other side, permits
the use of a so-called ’Veto’ mode of the µSR spectrome-
ter. The ’Veto’ mode rejects the muons missing the sam-
ple and, as a consequence, reduces the background of the
µSR response to almost zero [see tiny background peaks
following the dashed blue line in Fig. 1 (a) and Ref. 45 for
ar
X
iv
:2
00
3.
11
27
1v
1 
 [c
on
d-
ma
t.s
up
r-c
on
]  
25
 M
ar 
20
20
20 2 4 6 8 1 0- 1 . 0
- 0 . 5
0 . 0
 T w o - g a p  m o d e l α- m o d e l ,  2 ∆/ k B T c  =  3 . 5 4 α- m o d e l ,  2 ∆/ k B T c  =  3 . 8 8
Dev
iatio
n fr
om 
par
abo
la (m
T)
T  2  ( K 2 )
( c )
0 1 2 30
1 0
2 0
3 0  T w o - g a p  m o d e l
B c (
mT
)
T  ( K )
( b )
FIG. 1: (a) Fast Fourier transform of the TF-µSR time spectra of BeAu for several T and Bex values. Dashed blue line represents
the position of the external field Bex. Temperatures are marked on the y-axis. The tiny background peak at B = Bex position
corresponds to the muons which missed the sample. (b) The temperature evolution of the thermodynamical critical field of
BeAu obtained from the B > Bex peak position. The solid line is the fit of the self-consistent two-gap model (Eq. 6) to the
experimental Bc(T ). (c) The deviation of Bc(T ) from parabolic dependence. The dashed blue and pink lines are expectations
for the single s-wave gap. The solid black line is the self-consistent two-gap fit. See text for details.
the detailed explanations of the ’Veto’ mode principle].
The external magnetic field Bex was applied parallel to
the direction of the muon momentum and perpendicular
to the initial muon spin direction, which corresponds to
the transverse field (TF) µSR geometry. Several ellipti-
cally shaped discs of BeAu (0.5 mm thick and roughly
3.0x4.0 mm2 in size), were used. The field was applied
perpendicular to the flat faces of the samples. The ex-
periments were performed in the temperature range of
0.255 K and in the field range of 0.5 to 50 mT.
The TF-µSR experiments were performed in the in-
termediate state of BeAu superconducting sample, i.e.
when the sample volume is separated on the nor-
mal state and the superconducting (Meissner) state
domains.3,7,8,46–53 The B−T -scan measuring scheme, as
discussed by Karl et al. in Ref. 52, was used. Each mea-
sured point was reached in two steps: first – by stabi-
lizing the temperature and second – by swiping the field
to B > Bc (up to 30 mT in our case) and decreasing it
back to the measuring one. The idea of such a scheme
is two-fold: (i) to keep unchanged the volume parts of
the sample occupied by the normal state (fN) and the
superconducting state (fS) domains (f denotes the vol-
ume fraction) and (ii) to maintain similarly distributed
domain patterns for each B − T measuring point. Note
that the shape of the domain patterns in type-I super-
condcutors depend strongly on the magnetic history.49,50
The B − T points were taken along the ' 0.6 · Bc(T )
line by considering the Bc(T ) curve as is determined in
Refs. 7,8 (see the Supplemental part, Ref. 54, for details).
The magnetic field distributions in the BeAu sample,
as obtained from the Fourier transform of TF-µSR time
spectra, are shown in Fig. 1 (a). The blue dashed line
represents the position of the external field Bex. Down to
the lowest temperature studied (T ' 0.25 K), the signal
splits on two peaks positioned at B = 0 and B > Bex,
respectively. Such distributions are typical for type-I su-
perconducting materials in the intermediate state.51–53
Our results, therefore, confirm conclusion of Refs. 7,8
on type-I superconductivity of BeAu. The area below
the peaks corresponds to the superconducting (Meissner)
state (fS) and the normal state (fN) volume fractions,
while the position of B > Bex peak determines the value
of the thermodynamic critical field Bc.
51–53 The temper-
ature evolution of Bc, obtained from the fit of TF-µSR
data, is shown in Fig. 1 (b). The details of the data anal-
ysis procedure, as well as the temperature dependencies
of the fitting parameters, are presented in the Supple-
mental part of the manuscript.54
The deviation of the Bc vs. T curve from the parabolic
function: D(T 2) = Bc(T
2)−Bc(0)[1− (T/Tc)2] is shown
in Fig. 1 (c). Following Refs. 55,56 the shape of D(T 2)
function depends strongly on the 2∆/kBTc ratio and it
is also expected to be sensitive to the symmetry of the
superconducting energy gap.
Bearing in mind the isotropic single gap behavior re-
ported in Refs. 4,6, the initial analysis of Bc(T ) depen-
dence of BeAu was performed by means of the phe-
nomenological α-model within the single s−wave gap
approach.55,56 The fit procedure and the results obtained
from such analysis are described in the Supplemental
part.54 The analysis reveals that the D(T 2) data can
not be described within the single-gap scenario. The
low- and the high-temperature parts of D(T 2) require
rather different 2∆/kBTc values. To put this state-
ment into evidence, the dashed pink and blue lines in
Fig. 1 (c) correspond to the theoretical D(T 2) curves
with 2∆/kBTc = 3.88 and 3.54, respectively. The dis-
agreement between the single s-wave gap analysis and
the experimental data implies, therefore, that in BeAu a
3more complicated gap scenario needs to be considered.
By taking into account the presence of multiple bands
crossing the Fermi level, as is reported in de Haas -
van Alphen experiments,4,6 as well as confirmed by DFT
calculations,4–6 the further analysis of the temperature
evolution of the thermodynamic critical field was per-
formed within the self-consistent two s-wave gap sce-
nario.
Following Refs. 59–61, within the two-gap approach
the coupled s-wave gap equations are described as:
∆1(T ) =
∫ ωD
0
n1V11∆1(T )√
E2 + ∆21(T )
tanh
√
E2 + ∆21(T )
2kBT
dE +
∫ ωD
0
n2V12∆2(T )√
E2 + ∆22(T )
tanh
√
E2 + ∆22(T )
2kBT
dE,
∆2(T ) =
∫ ωD
0
n1V21∆1(T )√
E2 + ∆21(T )
tanh
√
E2 + ∆21(T )
2kBT
dE +
∫ ωD
0
n2V22∆2(T )√
E2 + ∆22(T )
tanh
√
E2 + ∆22(T )
2kBT
dE. (1)
Here ∆1(T ) and ∆2(T ) are temperature evolutions of
gaps within the band 1 and 2; n1 and n2 are the partial
density of states for each band at the Fermi level (n1 +
n2 = 1); V11 (V22) and V12 (V21) are the intraband and
the interband interaction potentials, respectively. For
simplicity, it is also assumed that the Debye frequency
(ωD) is the same for both bands.
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FIG. 2: (a) Temperature evolutions of the big (∆1) and the
small (∆2) superconducting gaps obtained within the fram-
work of the self-consistent two-gap model. (b) Comparison
of temperature dependencies of ∆1 and ∆2 with the weak-
coupled BCS prediction.58
The thermodynamic critical field Bc was determined
from the normal state (FN) and the superconducting
state (FS) free energy difference:
46
B2c (T )
8pi
= FN (T )− FS(T ). (2)
Considering the presence of two superconducting energy
bands, the second term in the right-hand site of the above
equation consists of two contibutions:
FS(T ) = n1FS[T,∆1(T )] + n2FS[T,∆2(T )] (3)
Following Johnston,56 the individual free energy compo-
nents are further derived as:
FN(T ) = −γeT
2
2
(4)
and
FS[T,∆(T )] = − 3γe
4pi2k2B
[
∆(T )2 +
4
∫ ∞
0
f(E, T )
2ε2 + ∆(T )2
E
dε
]
. (5)
Here, f(E, T ) = [exp(E/kBT ) + 1]
−1 is the Fermi func-
tion, E = E[ε,∆(T )] =
√
ε2 + ∆(T )2 is the quasiparticle
energy, and γe is the normal state electronic specific heat
coefficient. Note that the Eqs. 2, 4, and 5 are expressed
in cgs units.56 Finally, the equation used to fit to the ex-
perimental Bc(T ) data presented in Fig. 1 (b) took the
form:
B2c (T )
B2c (0)
=
FN (T )− n1FS[T,∆1(T )]− n2FS[T,∆2(T )]
FN (0)− n1FS(0,∆1)− n2FS(0,∆2) .
(6)
Here, ∆1 = ∆1(T = 0) and ∆2 = ∆2(T = 0) are
the zero-temperature values of the superconducting en-
ery gap. During the fit the following parameters were
varied: Bc(0), n1, V11, V22, V12, and V21.
4The fit requires solving two coupled nonlinear equa-
tion (Eq. 1). We used Mathcad 15.0 with the Levenberg-
Marquardt non-linear equation solver.57 The results of
the analysis, with the Debye frequency ωD ' 25.4 meV,6
are shown by black solid lines in panels (b) and (c) of
Fig. 1. Obviously, the self-consistent two-gap model
describes the experimental data remarkably well. The
fit parameters are: Bc(0) ' 26.04 mT, n1 ' 0.65,
V11 ' 0.246, V22 ' 0.343, V12 ' 0.321, and V21 ' 0.0727.
The value of the superconducting transition tempera-
ture, corresponding to Bc = 0, was found Tc ' 3.232 K.
The temperature evolutions of the big and the small gap
and the comparison of their temperature dependencies
with the weak-coupled BCS prediction,58 are presented
in Fig. 2.
From the analysis of Bc(T ) of BeAu within the two-
gap approach, the following important points emerge:
(i) The partial density of states for the band(s), where the
big superconducting energy gap opens, is almost twice as
high as that for the band(s) with the small gap: n1 '
2 ·n2. The results of the band structure calculation, pre-
sented in Ref. 5, reveal that the partial density of states
at the Fermi level is dominated by Be 2p , Au 5p, and
Au 6p bands, so that nAu5p ' nAu6p ' 0.6 − 0.7nBe2p .
This suggests that the big gap may be opened in Be 2p
and one of Au band (5p or 6p), while the other Au band
(6p or 5p) carries the small superconducting gap.
(ii) The zero-temperature values of the big and the
small gaps were estimated to be ∆1 ' 0.62 meV and
∆2 ' 0.32 meV. The corresponding gap to Tc ratios
are: 2∆1/kBTc ' 4.52 and 2∆2/kBTc ' 2.37. Such val-
ues suggests strong-coupling within the first and weak-
coupling within the second band, respectively.
(iii) The interband coupling potentials V12 ' 0.321 and
V21 ' 0.0727 have relatively high values. In particular,
V12 is comparable to V22 and is even higher than V11.
This suggests strong coupling between the bands, which
also results in an almost identical temperature depen-
dencies of the big [∆1(T )] and the small [∆2(T )] gap, see
Fig. 2 (b). Note that in the case of V12, V21  V11, V22,
∆1(T )/∆1 and ∆2(T )/∆2 are very much different.
61–63
(iv) The temperature dependencies of both gaps, pre-
sented in Fig. 2 (b), are weaker than the weak-coupled
BCS prediction. We believe that such effects are related
to the BeAu system rather than to the model itself. The
lack of absence of the experimental data for BeAu does
not allow to make a comparison of ∆(T )’s dependencies
obtained in the present study with the directly measured
gap values. Note however, that the recent work of Kim
et al.64 on MgB2, where such data become accessible, re-
veal that ∆(T )’s obtained within the framework of the
self-consistent model match rather well temperature evo-
lutions of superconducting energy gaps measured in tun-
neling experiments. More interesting is that the ’weak-
ening’ of the gaps in MgB2 is also observed both experi-
mentally and theoretically.
It is worth to note here that due to the noncentrosym-
metric crystal structure of BeAu, the phase of the super-
conducting order parameter may change between the dif-
ferent energy bands. In relation to the two s-wave gap be-
haviour reported here, both s++ and s+− scenarios could
be realised in BeAu. The above presented self-consistent
model is, however, ’phase unsensitive’ and does not allow
to distinguish between them. An additional check could
be performed by studying the influence of nonmagnetic
impurities on the supercondcuting transition tempera-
ture. As shown in Refs. 65 and 66, the transition tem-
perature Tc in s
+− superconductors is fast suppressed
due to the pair-breaking promoted by interband impurity
scattering, while it remains only marginally affected for
s++ materials. A series of Tc and Bc(T ) measurements
of BeAu samples with a different amount of nonmagnetic
impurities could be highly reliable and may help to clarify
this question.
To summarise, the precise measurements of the ther-
modynamic critical field Bc in noncentrosymmetric BeAu
superconductor were performed by means of the muon-
spin rotation/relaxation technique. The main results are
the following:
(i) Within the full temperature range studied, the super-
conductivity in BeAu remains of a type-I. No indications
of type-II superconductivity for T . 1.2 K and at least
down to T ' 0.25 K was detected.
(ii) The value of the thermodynamic critical field at
T = 0 and the transition temperature Tc were found
to be Bc(0) ' 26.04 mT and Tc ' 3.232 K, in agreement
with the previously published data.7,8
(iii) The single s-wave gap approach does not allow to de-
scribe the temperature evolution of the thermodynamic
critical field Bc, thus calling for the presence of an addi-
tional supercondcuting energy gap(s).
(iv) The self-consistent two-gap model, adapted for anal-
ysis of Bc(T ) behavior, was developed. It takes into ac-
count the intraband coupling within the each individ-
ual band, as well as the interband coupling between the
bands. The model was found to describe accurately the
experimental Bc(T ) data of BeAu.
(v) The gap to Tc ratios were estimated to be
2∆1/kBTc ' 4.52 and 2∆2/kBTc ' 2.37. This implies
that the strong- and the weak-coupling occur within the
first and the second band, respectively.
To conclude, our results suggest that the superconduc-
tivity in BeAu is unconventional and that the supercar-
rier pairing takes place in different energy bands. More
important, our results imply that the multiple-gap be-
haviour is also realized in type-I superconducting mate-
rials.
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